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ARTICLE INFO ABSTRACT

Keywords: Background: Imaging large volume human brains at cellular resolution involve histological methods that cause
Block face imaging structural changes. A reference point prior to sectioning is needed to quantify these changes and is achieved by
Histology ) serial block face imaging (BFI) methods that have been applied to small volume tissue (~1 cm®).

:ﬂr;;:zz::e:zm New method: We have developed a BFI uniquely designed for large volume tissues (~1300 cm®) with a very large

field of view (20 x 20 cm) at a resolution of 70 um/pixel under deep ultraviolet (UV-C) illumination which
highlights key features.

Results: The UV-C imaging ensures high contrast imaging of the brain tissue and highlights salient features of the
brain. The system is designed to provide uniform and stable illumination across the entire surface area of the
tissue and to work at low temperatures, which are required during cryosectioning. Most importantly, it has been
designed to maintain its optical focus over the large depth of tissue and over long periods of time, without
readjustments. The BFI was installed within a cryomacrotome, and was used to image a large cryoblock of an
adult human cerebellum and brainstem (~6 cm depth resulting in 2995 serial images) with precise optical focus
and no loss during continuous serial acquisition.

Comparison with existing method(s): The deep UV-C induced BFI highlights several large fibre tracts within the
brain including the cerebellar peduncles, and the corticospinal tract providing important advantage over white
light BFI.

Conclusions: The 3D reconstructed serial BFI images can assist in the registration and alignment of the micro-
scopic high-resolution histological tissue sections.

Ultraviolet-C
Large field of view

1. Introduction

High quality histology still remains the gold standard for our basic
understanding of the brain. However, histological pipelines involve a
number of steps which potentially distort or warp the tissue. The end
goal in understanding the microstructure of the whole brain is the entire
and precise 3D histological reconstruction from 2D high quality histo-
logical sections (Pichat et al., 2018). This process involves annotation

and mapping 2D histological data with macroscopic neuroanatomical
structures, generally obtained from standard volumes derived from
brain atlases of different modalities (Amunts et al., 2013; Ding et al.,
2016; Mai et al., 2015). Other standardized volumes of the whole human
brain, acquired with Magnetic Resonance Imaging (MRI), have also been
created (Collins et al., 1994; Evans et al., 1992; Holmes et al., 1998;
Mazziotta et al., 1995; John et al., 1995; Talairach and Tournoux, 1988).
In addition, many groups aim to create a comprehensive 3D atlas of the
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C, Ultraviolet C.

* Correspondence to: Sudha Gopalakrishnan Brain Centre, NAC Building 1, Stilt Floor, Indian Institute of Technology Madras, Chennai 600 036, India.

E-mail address: karthik.s@htic.iitm.ac.in (S. Karthik).

https://doi.org/10.1016/j.jneumeth.2023.109921

Received 24 March 2023; Received in revised form 26 June 2023; Accepted 13 July 2023

Available online 17 July 2023
0165-0270/© 2023 Elsevier B.V. All rights reserved.


mailto:karthik.s@htic.iitm.ac.in
www.sciencedirect.com/science/journal/01650270
https://www.elsevier.com/locate/jneumeth
https://doi.org/10.1016/j.jneumeth.2023.109921
https://doi.org/10.1016/j.jneumeth.2023.109921
https://doi.org/10.1016/j.jneumeth.2023.109921
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneumeth.2023.109921&domain=pdf

S. Karthik et al.

whole human brain at cellular resolution(Amunts et al., 2020, 2013;
Ding et al., 2016). The problem in generating such a high resolution
atlas volume is the availability of serial sections from a single large
volume human brain. One approach for simplifying the process is to
combine the advantages of high granularity of histological data with the
macro-level anatomical information, of the whole human brain (Alegro
et al., 2016) or parts of it (Alho et al., 2018; Annese et al., 2006; Choe
et al.,, 2011; Lebenberg et al., 2010). Such approach has fundamental
limitations, including a) potential distortions that can be linear or
non-linear, which may occur during sectioning and chemical handling of
the tissue (Pichat et al., 2018), b) differences in spatial resolution be-
tween MRI (~mm) and histology (<pm), and c) sections of large brains
may require to be cut into smaller blocks and later registered as a single
unit. The problem of sub blocking a brain into smaller units can be
solved with the use of a cryomacrotome which is capable of sectioning
large volume tissues. One obvious solution to a) and b) is the use of block
face imaging (BFI), where the surface of the cryoblock can be imaged at
a sufficiently reasonable resolution that can be used to generate a
reference volume (Appel et al., 2013). BFI is applied prior to cry-
osectioning. The 3D volume from the block face images acts as a refer-
ence to quantify any distortions or warpings that may occur to the tissue
due to the cryosectioning or the staining processes. This is particularly
important in large volume tissues such as the human brain where the
probability of sectioning artefacts occurring is much greater due to the
large surface area (Mancini et al., 2020). Hence there is a significant
need for the development of a block face imaging system that is specific
to large volume tissues. In particular, such a system needs to capture
images at a high enough resolution yet capture a large field of view.

In this paper, we describe a BFI system that is capable of optically
imaging large volume tissue (200 mm x 150 mm) embedded in an
embedding compound to form a cryoblock, at a resolution of 70 pm/
pixel. In addition, our BFI is stable enough to resolve the significant
changes in the focal plane over large depths of tissue block (~ 7 cm). The
set of block face images of the cryoblock provides a way of capturing and
quantifying changes related to cryosectioning and staining and thus can
serve as an alignment template when the sub-cellular level high-
resolution images post staining, are co-registered against the MRI or
other reference volumes of different modalities.

Brain Extraction
Fixation in 4% PFA

Cryoprotection
Graded sucrose immersion

Whole slide digitization
0.5 micron pixel resolution.
2000-10000 images.
Gigapixel scan of each slide

3D reconstruction
Sub-micron voxels
Peta Bytes of data for each brain
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We have deployed a high throughput experimental and computa-
tional pipeline to study the human brain with high resolution histology
and other modalities, such as MRI. Our high throughput histology
pipeline is shown in Fig. 1, and includes the following steps: brain
extraction, cryoprotection, freezing, cryosectioning, specific histological
staining including immunohistochemistry. The outputs of this pipeline
are 2D brain sections which are then digitized by sub-cellular level high-
resolution imaging (0.5 pm per pixel in plane resolution), and most
importantly, the output of this pipeline is the computational 3D recon-
struction from high-resolution 2D images. These output volumes require
registration to the relevant reference volumes such as known atlases or
in skull MRI. The histology pipeline involves cryoprotection of the brain
in gradient sucrose and freezing the block, followed by cryosectioning.
Block face Imaging (BFI) is performed during cryosectioning, which
involves capturing serial sub-millimeter resolution images of the
exposed surface of the cryoblock.

Several approaches have been performed to optically image biolog-
ical tissue prior to, or as an alternative to sectioning. Optical alternatives
that can acquire cellular-scale images directly from tissue surfaces
without micro- or cryosectioning include structured illumination (Neil
et al., 1997) conventional reflectance and fluorescence confocal mi-
croscopy (Dobbs et al., 2015), multi-photon imaging (Tang et al., 2012),
spectrally encoded confocal microscopy (Kang et al., 2013), stimulated
Raman microscopy (Orringer et al., 2017), light-sheet microscopy
(Bouchard et al., 2015; Lu et al., 2019) and optical coherence tomog-
raphy (Gabriele et al., 2011). While all appear promising, they are
expensive, and most can only be applied to small pieces of tissue.

Other approaches that are applied directly onto the tissue block
include scanning electron surface microscopy (Denk and Horstmann,
2004; Lipke et al., 2014; Starborg and Kadler, 2015), which provides
nanometer resolution on very limited size samples, ultraviolet surface
excitation (Guo et al., 2019b; Kasaragod et al., 2021), and brightfield
fluorescence (Roy et al., 2009; Takaishi et al., 2014; Wilson et al., 2008)
which can be applied along with other optical clearance methods and
fluorophores to study at the sub-micron images of the tissue. However,
histological staining methods still remain the gold standard of neuro-
anatomy, particularly for studying multiple facets of the brain such as
cells, fibres, specific proteins, genes etc. BFI itself is not a replacement to

Blockface
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Fig. 1. Main steps involved in our histology pipeline. Block face images are obtained during the cryosectioning stage.
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the gold standard as it images unstained and non-modified tissues.
Although brain atlas mapping based on BFI using macro images and
microscopy, where BFI was used in conjunction with microscopy anal-
ysis are explored in (Ishii et al., 2021; Tajika et al., 2017), these methods
again have limitations in use of large samples that do not fit in standard
histological slide sizes, such as of the adult human brain. In addition, BFI
is a snapshot imaging technique, which saves considerable time as
compared to scanning based techniques, especially for large size tissues.

The BFI described here also uses a deep ultraviolet (254 nm in our
case) excitation light that is invisible to the camera and thus is isolated
from the ambient lighting. The choice of wavelength chosen is based on
the fact that formalin fixed brain tissue inherently fluoresces under deep
ultraviolet light and this autofluorescence is exhibited differently by the
various components of the brain tissue. Conventionally, BFI has been used
to image the block face in white light and using staining methods when
used with UV (Fereidouni et al., 2021; Guo et al., 2019a). Our use of UV-C
produces autofluorescence that highlights the contrast particularly of the
white matter tracts even in unstained and non-modified tissues. This dif-
ference in autofluorescence exhibited by the various components of the
brain tissue maybe due to the constituents such as lipofuscin, lipids, amino
acids and metabolic products like NADPH which differ between white
matter and gray matter (see table 1 of Croce and Bottiroli, 2014).

The requirement is to effectively design a BFI system to a) image a
large FoV, such as the human brain tissues b) image at a high resolution
at the large FoV, and most importantly c) retain stable camera focus over
large depth (~7 cm) corresponding to large volume tissues. We also
introduce a novel procedure of imaging at UV-C which highlights
important components in a differential manner.
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2. Methods
2.1. Requirements

Our goal for the BFI is to capture images of the large volume tissue
block face at an intermediate resolution between MRI and histology.
Unlike previous work, we did not aim for subcellular level imaging that
can potentially replace histology. The large volume cryoblock comes
with a caveat that any given system has to image a large enough field of
view (FoV) yet maintain sufficient resolution. More importantly, our
application involves human brain sections (ranging from developing
stages to the adult brains) that are considered non-standard, i.e. do not
fit on 75 x 25 mm slides. Hence, we designed our setup to be adaptable
to capture block face images of multiple non-standard slide dimensions
ranging from the double slide set up (75 x 50 mm slides) up to a
maximum of 150 x 200 mm slides.

The imaging system needs to have a depth of focus narrow enough to
accommodate the plane of the exposed block face, yet account for sur-
face micro irregularities. One important problem is that the large vol-
ume blocks can be very thick, that is the difference in depth between the
first and the last section can be as much as 7 cm apart. This poses a
challenge for any fixed BFI system as the focus and magnification must
account for exposed block face moving away from the camera as tissue
sections of specified thickness are progressively sectioned and removed.
This is solved by coupling the BFI system with the knife holder assembly.

The developed BFI is based on a specific wavelength-based diffused
illumination in the UV-C range which elicits natural tissue fluorescence.
Therefore the source light intensity has to be optimized by factoring the
sensitivity of the imaging sensor to the tissue fluorescence signal. Other
factors include the placement of the camera and the illumination system to
be unobtrusive to the mechanical process of cryosectioning, and with
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Fig. 2. a) The BFI architecture showing the UV-C illumination and camera, the acquisition control unit to initiate a BFI capture, and the user interface to see the
captured BF image. b) The BFI setup mounted on the knife holder of the cryomacrotome (is shown rotated by 90° with respect to Fig. 2a) c) shows the setup inside the
cryomacrotome showing the positioning of the tissue block just before sectioning using the tape transfer method d) the conveyor belt of the cryomacrotome moves
the tissue block towards the blade and onwards to the location where the exposed block face will be imaged.
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unhindered access to the tissue. The entire BFI setup has to be either
retractable, to allow access to cryosectioning, or the setup needs to be
stationary but spatially separated from the sectioning part. The latter
method is implemented here with the tissue block moving towards the BFI
setup. The conveyor stoppage tolerances introduce an additional problem
of pixel level shifts in the block location within the captured FoV, across
the captured images. To solve this, alignment markers (fiducial markers)
were placed on the base of the cryosectioning chuck to align the serial
block face images during image processing. The overall system also needs
to work in cold temperatures required for cryosectioning (—20 to —30 °C).

2.2. System design & architecture

The cryosectioning process uses a cryomacrotome (Leica 3600XP) to
section large volume blocks where the knife holder module moves
downward in set steps to section the tissue. The cryomacrotome includes a
horizontally moving conveyor belt to alternately move the cryoblock be-
tween cryosectioning and the BFI setup. The BFI system has three major
components: a) the camera and illumination output systems that are
mounted on the knife holder assembly of the cryomacrotome, b) the
control unit hardware system of the UV-C illumination and c¢) a custom
developed software developed on LabVIEW environment (National In-
struments Inc, India) for image acquisition and storage. The architecture of
the BFI system and the mounting of the BFI assembly are shown in Fig. 2.

2.2.1. Camera

We used a light weight 6 Megapixel, 8-bit, color camera (UI-3881LE-C-
HQ, IDS Imaging Development Systems GmbH, Germany). A manually
adjustable, 8 mm focal length, 14 mm aperture lenslet was used with this
camera. No pixel binning or frame averaging was performed and a single
BF image was captured for every tissue section. The camera and the illu-
mination light emitting diodes (LEDs) were light enough to be mounted on
the knife assembly without introducing any vibrations or movement that
could affect the cryosectioning itself. The focus setting of the camera was
adjusted using high-resolution target patterns (USAF resolving power test
target 1951, Edmund Optics). This is done as a one-time focus routine for
each sample prior to the start of cryosectioning. Our set up is designed in a
way that the working distance and focus of the camera can be adjusted to
maximize the FoV of the imaging. In other words, we can utilize the same
camera system for multiple block sizes (sections sizes that can fit on 75 x
50 mm to the large 150 x 200 mm slide formats). Also, the camera is
insensitive to deep ultraviolet wavelengths thereby reducing potential
artefacts from the excitation light source.

2.2.2. Illumination

The exposed cryoblock face was illuminated by an array of eight LEDs
placed around the camera in a circular arrangement which provided the
block face with an illumination uniformity of distribution (UoD) of 70 %.
Each LED was driven at 5 W of power and is turned on for 2 s. The cam-
era’s sensor is insensitive to UV-C and thus prevents image saturation from
any specular reflection of source light. The emission of interest from the
tissue fluorescence lies in the visible region wavelengths and has low in-
tensity, requiring optimum exposure duration of 250 ms, and is exposed
towards the end of the 2 second illumination period. In addition, a
broadband white light source was also provided for positioning the cryo-
block correctly in the cryomacrotome (turned off during BFI capture).

2.2.3. Mechanical assembly of the system

The camera and illumination system were mounted and secured on
the cryomacrotome’s knife holder assembly. The computer controlled
cryomacrotome can be programmed to advance the knife holder as-
sembly by a distance equal to a preset thickness (in our case 20 pm). The
securing of the entire BFI setup on this assembly implies that the BFI
system also advances along with the knife holder assembly. The obvious
advantage of such an arrangement is that as the newly exposed block
face recedes away from the camera during cryosectioning, the BFI
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system also advances by the same distance equal to the section thick-
ness, thereby compensating and maintaining a constant plane of focus
and FoV. This negates the need for any periodic manual readjustment of
camera focus. The arrangement, mounting and securing of the BFI setup
to the knife holder assembly of the cryomacrotome is shown in Fig. 2.

2.2.4. Control unit

We designed an acquisition control unit placed outside the cry-
omacrotome which electronically controls the precise timing of UV-C
LED illumination and the camera exposure.

2.2.5. Software

Our image acquisition set up is controlled by a custom designed user
interface software developed using the LabVIEW platform. The software
is designed to be user friendly and performs image acquisition, storage
to a central server along with associated metadata such as section
number, date, time and other parameters including exposure, gain and
gamma correction. The latter parameters can also be changed prior to
cryosectioning. In addition, the software and the image acquisition
systems provide real-time views of the block under a broadband white
light source, which can be used for quality checks, alignment, posi-
tioning and focussing. The user interface also allows the operator to
preset the UV-C LED array power-on duration and the camera exposure
duration.

The position of the block face in the camera’s field of view can be
programmatically controlled, but there is a tolerance of + /- 5 mm in the
mechanically operated cryomacrotome’s conveyor. Therefore, the
location of the block face in the imaging FoV changes between sections.
To compensate for this, and to ensure alignment between all BFI images,
we placed square reference fiducial markers at two corners of the cry-
osectioning chuck. These square markers fluoresce under UV-C, and can
be used to align the images.

We have also introduced a safety feature where the UV-C LED light
source can only be turned on if the cryomacrotome door is closed, thus
preventing any UV-C exposure to the operator. In addition, the duration
of illumination is kept short (2 s), just enough to capture an image.

2.3. Sample preparation

We tested our system on an adult human cerebellum and brainstem
block. BFI was tested on its ability to obtain images from large format
tissues without the need for frequent focus adjustments. All the pro-
cedures for processing the human cerebellum and brainstem block were
approved by the institutional ethics committee of Indian Institute of
Technology Madras. Briefly, the sample was prepared from an ex-situ
perfusion protocol where the brain was perfused with 0.01 M phos-
phate buffer followed by 4 % paraformaldehyde solution through the
bilateral carotid arteries. The whole brain was then immersed in 4 %
paraformaldehyde. The cerebellum, together with the brainstem, block
were resected from the entire brain by separation of the superior cere-
bellar peduncles. The block underwent cryoprotection in increasing
gradients of sucrose (10-30 %) before being embedded and frozen in an
embedding compound (Tissue Freezing Medium, Leica Biosystems,
USA) as a cryoblock, using isopentane in dry ice bath. Block cry-
osectioning was performed on the large format cryomacrotome (Leica
3600 XP) using the modified tape transfer technique (Pinskiy et al.,
2015) along with BFIL. After cryosectioning, sections underwent histo-
logical staining procedures including thionin staining with cresyl violet
(Nissl stain), and were digitized at 0.5 pm per pixel (in plane resolution).

3. Results
3.1. Functional performance and reliability of the developed BFI system

The BFI system was built and integrated into a large format cry-
omacrotome. Its functionality and performance were evaluated on
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Fig. 3. One time lens focus adjustment of the BFI system’s camera performed using a) microscope micrometer calibration ruler (coarse) and b) 1951 USAF resolution
target (fine). The focus adjustments were performed under broadband white light source.

sectioning an adult human brain cerebellum and brainstem with surface
dimensions of 105mm x 80 mm and depth of 60 mm. Prior to
sectioning, the lens was precisely adjusted for focus; initially a coarse
adjustment was done with a microscope micrometer calibration ruler
(Fig. 3a), followed by fine scale adjustment using a USAF 1951 resolu-
tion target (Edmund Optics) (Fig. 3b). For this particular large volume
brain tissue cryoblock, the camera FoV after focus adjustment was
172 mm x 116 mm and the spatial in plane resolution of the captured
BF images was 70 um/pixel. We captured a total of 2995 sections in a
serial manner during the cryosectioning procedure. The average time
taken by the system to capture one block face section was 10 s, which
includes the blade and the cryochuck movement resets. The BFI system
operated in tandem with cryosectioning with no failures and was highly
reliable across longer time periods taken for the entire cryosectioning
process, which was performed over 15 days (at an average rate of 200
sections per day) at low ambient temperatures ranging from —20 to
—30 °C. There was no drift or loss in the illumination across the entire
duration, while the spatial intensity being maintained at a uniform rate
(UoD = 70 %). There was no readjustment of the camera’s focus and the
focus was maintained throughout the duration of the cryosectioning.
We have performed measurements of incident optical power of the
UV-C illumination at the surface of the block using an optical power
meter (843-R, Newport Corporation, UV sensor) and were found to be
13 pW/cmz. In our BFI, the illumination exposure is two seconds, which
constitutes a dosage of 26 pJ/cm?. This is far below the limits of UV-C
dosage that can cause damage to biological tissues which is 2-2.5 J/
cm? (Scientific Committee on Emerging and Newly Identified Health
Risks: SCENIHR, 2012), 200 mJ/cm? specifically for nerve damage

Fig. 5. BF image of a horizontal section of the adult human cerebellum and
brainstem. Regions 1-17 labelled as: 1. Inferior cerebellar peduncle; 2. Middle
cerebellar peduncle; 3. Fourth ventricle; 4. Anterior lobe of the cerebellum; 5.
Simple lobule; 6. Ansiform lobule crux I; 7. Ansiform lobule crux II; 8. Paraf-
locullus; 9. Deep cerebellar nuclei; 10. Dentate nucleus; 11. Tonsil; 12. Nodulus;
13. Uvula; 14. Pyramis; 15. Corticospinal tract; 16. Pons nuclei; 17. Medial
lemniscus. The annotations of neuroanatomical parts were made according to
(Naidich et al., 2009), and (Schmahmann et al., 1999).

Fig. 4. Block face image of the exposed cerebellum and brainstem section of a human adult brain section number 1276 under a) deep ultraviolet illumination and b)
broad band white illumination. Both images show a clear tissue - embedding compound boundary. The deep ultraviolet imaging shows the captured autofluorescence
of the block. The fiducial makers on the top left and bottom right corners which fluoresce under UV-C illumination can be noted.
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(Yoshiyama et al., 2023) and a more conservative reported value of
6-10 mJ/cm? for biological tissues (Sliney et al., 2021). The safety of the
operator is also ensured as the BFI setup is completely enclosed within
the cryomacrotome.

An example of a block face image under the UV-C and broadband
white light illumination is shown in Fig. 4. Our system can capture
images in great detail, which aids in further neuroanatomical process-
ing. The example section shown in Fig. 4 is a horizontal (transverse)
human brain section at the level of the pons and the middle cerebellar
peduncle. The biological autofluorescence of the cerebellum and
brainstem block under the deep ultraviolet illumination highlights many
key anatomical features of the cerebellum with the prominent white
matter tracts showing marked increase in brightness. We have identified
and annotated these key features as shown in Fig. 5. The deep ultraviolet
illuminated BFI elicits strong fluorescent signal in the white matter
(fibre tracts), with the strongest signals highlighted in (1) the inferior
cerebellar peduncle, (2) the middle cerebellar peduncle, (15) the corti-
cospinal tract and in (17) the medial lemniscus.

3.2. Quantification of difference in spectral characteristics between white
and gray matter

To perform a spectral characterization of the substructures of the
brain tissue, we imaged the tissue with a hyperspectral camera
(MQO022HG-IM-SM4 x 4-VIS3, Ximea, 460-600 nm, 16 bands) under UV-
C and white light. Regions of white and gray matter were visually
identified and corresponding regions of interest (Rol) were marked
(depicted on white light image in Fig. 6d). To obtain a reference, an Rol
was marked on the background region as well. The hyperspectral cam-
era used had a snapshot mode of acquisition where images for all 16
wavelengths appear at once, and any Rol set is replicated to all wave-
lengths. The mean pixel intensity value of the Rol was obtained for each
wavelength. The pixel intensities of white and gray matter were
normalized with background and plotted (Fig. 6a for UV-C illumination,
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Fig. 6b for white light illumination). Fig. 6a and 6b clearly show a larger
difference in background normalized irradiance between white and gray
matter, with white matter being higher. This is especially true in the
lower, blue wavelengths where most of the autofluorescence under UV-C
exists. To quantify and compare, we computed the contrast difference
(WM-GM/BG), which is the difference between normalized white and
gray matter divided by the background and has been plotted in Fig. 6c.
Autofluorescence from UV-C illumination provides about five times
higher contrast between white and gray matter in the lower, blue
wavelengths. This clearly shows the advantage of block face imaging
over broadband white light imaging in terms of delineation of
substructures.

3.3. Comparison with cellular level high resolution histology

Figs. 4 and 7 show the comparison between the BFI images under
deep ultraviolet, broadband white illumination and high resolution
digitized image of a Nissl stained histological section. The broad band
white illumination BFI shows the separation of the white and gray
matter where the gross structural details are visible, but the deep ul-
traviolet fluorescence also highlights the prominent white matter tracts
which can then be used as an intermediate reference to the cellular-level
high-resolution brightfield histological images.

We have compared the sharpness of the boundaries between the
actual tissue and the embedding compound in the BFI to the high res-
olution histology section. Fig. 7 shows the clear distinction of tissue-
embedding compound boundary, which is comparable to the tissue
boundary observed in the down sampled Nissl stained cellular level high
resolution image of the same tissue section.

In addition, the comparison between the BFI and the histological
section provides an insight into the structural changes due to sectioning
and staining process. In order to compare the two images which are of
different resolution, we have downsampled (1/32x) and centered the
Nissl stained images to match the BFI image. The two images now
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Fig. 6. Quantification of difference in spectral output between white and gray matter using a hyperspectral camera. a) plot of mean value of region of interest (RoI)
for white matter and gray matter normalized to background (WM/BG, GM/BG), plotted across all wavelengths under UV-C illumination. b) plot of mean value of Rol
for white matter and gray matter normalized to background, plotted across all wavelengths under white light illumination. ¢) comparison of the contrast between
white matter and gray matter (WM-GM/BG) between UV-C and white light illumination indicating five times higher contrast in the lower wavelength auto-
fluorescence under UV-C as compared to white light. d) the Rols used for obtaining mean irradiance values — 1-white matter, 2-gray matter, 3-background, depicted

on a white light image.
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Fig. 7. Horizontal section of the human cerebellum and hindbrain (section number 1579, at the level of pons). a) BF image of 172 x 116 mm FoV. b) Down sampled
image of the digitized Nissl stained section, appended by white pixels to form a frame size of 172 x 116 mm.

Fig. 8. Horizontal section of the human cerebellum (section number 1728). a) BF image of 172 x 116 mm FoV. The BFI highlights the white matter tracts which
correlates to the myelin stained regions b) Down sampled image of the digitized myelin stained section, appended by white pixels to a frame size of 172 x 116 mm.
The two images demonstrate the close correspondence of the bright fluorescence observed with the UV-C BFI and the darkly stained silver myelin of the histol-
ogy section.

2995 Block Face Images

Fig. 9. Top: Fluorescent fiducial markers used to compensate for shifts due to conveyor belt stoppage tolerances. Bottom: A representation of one out of every three
hundred sections from the captured BFI images post-alignment.
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Fig. 10. 2D snapshots of the 3D volume reconstruction using all the BF images. (a): Complete view of the 3D volume reconstruction. (b): The transverse section
obtained from the 3D reconstruction, which is the original plane of imaging. (c): A 2D snapshot of a sagittal plane obtained from the 3D volume reconstruction. The
right side is the front of the brain. (d): A 2D snapshot of a coronal plane obtained from the 3D volume reconstruction.

correspond to the BFI FoV of 172 x 116 mm spatially, which allows us a
direct comparison (Fig. 7). This comparison allows us to estimate any
linear or non-linear diffeomorphic changes that the tissue may undergo
during the cryosectioning and subsequent staining process, and in this
particular example, the resulting distortions are minimal.

The UV-C BFI shows a greater contrast to white matter tracts. As
shown in Fig. 8a, our BFI images show that the autofluorescence
correspond very closely to the white matter tracts as shown in the
myelin stained histology section in Fig. 8b. The darker silver myelin
staining correlates with the corresponding regions in the BFI image with
higher fluorescence intensity.

3.4. Section to section image alignment and volume generation from BF
images

In order to facilitate section to section alignment of the serially
captured BFI images, we have used features within the BFI images in
addition to the square fluorescent fiducial markers. The two fluorescent
fiducial markers (1 x 1 cm squares) were placed on the cryochuck of the
cryomacrotome. These were used to align the tissue position in the FoV
to compensate for planar shifts that occur due to conveyor stoppage
tolerances. The fiducial markers were easily detected due to their fluo-
rescence under deep ultraviolet light and the centers of these markers
aligned (Fig. 9). Serial BFI images were stack aligned using the scale
invariant feature (SIFT) program within the ImageJ/FIJI image pro-
cessing environment (Lowe, 2004) using linear alignment as references
to align consecutive images. Since the in-plane (x, y) resolution of the
images was different to the section thickness (z), the images were
z-scaled appropriately by linear interpolation to generate the 3D volume
as shows in Fig. 10a. This 3D reconstructed isotropic volume also allows
us to digitally section the block in other planes of sectioning as shown in
Fig. 10c and 10d with the original plane of sectioning shown in Fig. 10b.

The 3D reconstruction can then be used to visualize the trajectory of
the major white matter pathways. In Fig. 11 we show the segmentation

of, medial lemniscus and superior cerebellar peduncle marked in red and
green respectively and the reconstructed 3D trajectories when the BFI
images were reconstructed.

4. Discussion

This work describes a BFI system that captures serial block face
images of large volume cryoblocks as a structural reference to quantify
the potential distortion of the reconstructed cellular level high resolu-
tion images of stained tissues. Though BFI at better resolution has been
implemented on smaller tissues, developing a system uniquely for large
format tissues presented its own challenges. Our main focus was to
maximize the FoV to accommodate large tissue sizes at the expense of in
plane resolution which still resulted in 70 um/pixel, which was better
than our MRI. The BFI system is designed to be mounted on the knife
holder assembly of the cryomacrotome so that the distance between the
camera and the block face is constantly maintained. This also means that
the BFI system has to be as light as possible to avoid any mechanical
loading of the knife holder assembly. The BFI system inside the cry-
omacrotome has been designed to be fully automated and does not add
to the histotechnician’s task of tape transfer based cryosectioning. In
addition, the BFI and cryosectioning are spatially separated and it does
not obstruct the cryosectioning.

Our system utilizes deep ultraviolet excitation which elicits auto-
fluorescence differentially from the components of the brain tissue. The
illumination is invisible to our imaging system while capturing fluo-
rescence in our biological tissues. We believe that this differential
autofluorescence elicited by different components of the brain tissue is a
result of difference in the constituents such as lipofuscin, lipids, amino
acids and molecular substrates such as NADPH. (for details see Croce
and Bottiroli, 2014). This is evident from our images where the large
white matter tracts across the human cerebellum fluoresce more than
any other component of the cryoblock under the UV-C illumination. The
camera and imaging system can image any visible wavelength, and thus

Fig. 11. shows an example of how our BFI can be used in the reconstruction of white matter pathway. (a) shows a reconstructed sagittal section where the medial
lemniscus and superior cerebellar peduncles were segmented (shown in red and green respectively). (b), (c) and (d) are three dimensional segmentation masks of the

two tracts shown in multiple orientations in 3D.
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it can potentially be used for other tissues that exhibit different auto-
fluorescence properties. In addition, our system can be easily adapted to
image other techniques that involve tissue clearing combined with
fluorescent tracer or genetically modified tissue.

There is a chance that the autofluorescence observed can be from the
contributions of structures below the imaged surface. However, UV-C
has lower penetration depth in human tissues as compared to other
wavelengths in the spectrum. The penetration depth from previous work
for similar wavelengths was found to be between 2 and 40 ym, 2 pm
(Duck, 1990), 2 ym (Anderson and Parrish, 1981), < 20 um (Meinhardt
etal., 2008), 30 um (Scientific Committee on Health, Environmental and
Emerging Risks: SCHEER, 2017), 40 pm (Scientific Committee on
Emerging and Newly Identified Health Risks: SCENIHR, 2012). This
indicates that the contribution of underlying layers to observed fluo-
rescence at the worst case can only be 40 um in depth.

Our choice of the camera and its optics largely was due to the pri-
oritization of large field of view rather than ultra-high resolution, in
addition to weight considerations as described before. However, with
the rapid improvements in camera design and resolution, we expect the
system to be easily adaptable to future ultra-high-resolution cameras
and imaging systems. With the different types of tissue formats planned,
the BFI system has also been designed to be adaptable across a wide
range of tissue sizes from foetal to adult human brain, by simple ad-
justments to the focus and working distance.

We used fluorescent fiducial markers that were attached to the sur-
face of the cryochuck rather than the block itself. This creates a disad-
vantage, particularly for very large blocks during sectioning. Since the
fiducial markers are mounted on the cryochuck, they are seen as un-
dergoing enlargement as the cryosectioning proceeds.

5. Conclusions

We have designed a BFI system specifically for imaging large volume
biological tissues, such as the human brains, which fit only on non-
standard slide format (200 x 150 mm). There is a trade off in the BFI
system between the resolution and FoV. More importantly, it provides
larger field of view required for imaging the large samples such as the
adult human brain. We have successfully deployed the system to work
under low temperature working conditions inside a cryomacrotome. The
system worked for long periods in low temperature conditions (15 days)
with little or no intervention. The system was tested on an adult human
cerebellum and brainstem cryoblock, resulting in the imaging of 2995
sections with no loss. The BFI system, due to its positioning on the
cryomacrotome’s knife holder assembly ensures that there is no need for
frequent adjustments in focus or field of view during the cryosectioning
process. The BFI provides an important reference and has been shown to
highlight the changes undergone by the tissue after cryosectioning and
staining. The use of deep ultraviolet illumination highlights salient
features of the brain. Block face imaging provides a valuable resource to
study a tissue sample prior to the histological processing and can be
easily applied to any tissue that undergoes histology.
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